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Abstract. With recent advances in semiconductor technology, conventional cooling methods and standard coolants are no longer
adequate to manage electronic chips’ enormous heat generation. Therefore, innovative cooling solutions are required to maintain
these devices at optimum operating temperatures. Taylor flow in microchannels is an effective technique that allows excellent
mixing of two fluids, which is crucial for heat transfer. A 3D numerical analysis of the heat transfer performance of liquid-liquid
Taylor flow in a rectangular microchannel was carried out by ANYSY Fluent. Water droplets were dispersed in either ethylene or
propylene glycol, with the interface between the two fluids captured using the Volume of Fluid method. For optimal computational
time, two symmetries in the XY and XZ planes are considered. Furthermore, mesh size refinement was performed in the near-wall
region to capture the liquid film. An analysis of the effect of plug/slug length and liquid film thickness is conducted with initially
constant thermo-physical properties. This assumption was considered to analyse the heat transfer process and determine the most
critical parameter affecting heat transfer performance. A user-defined function is then implemented in ANSYS Fluent to examine
the effect of working fluids temperature-dependent viscosity change on the heat transfer rate. Conjugate heat transfer and axial
conduction are also examined, as these two factors can significantly affect the thermal behaviour inside the microchannel and
enable the achievement of realistic and accurate results. The results reveal that Taylor liquid-liquid flow can increase the heat
transfer rate by up to 440% over single-phase flow. It was also found that the temperature-dependent viscosity of the working
fluids significantly affects the plug/slug length and liquid film thickness, resulting in a 20.8% improvement in heat transfer rate
compared with constant thermo-physical properties. This study will improve the state of knowledge on heat transfer by Taylor
flow in microchannels and factors that can influence it, and highlight the significance of this flow pattern in enhancing heat
transfer performance over single-phase flow.
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1. Introduction

In today's modern world, microelectronics is part of all aspects of human life. It can be found in our daily lives as consumers
(personal computers, mobile phones, fax machines, etc.), in the transport sector (autonomous driving, mobile communications,
etc.), in the medical field (miniaturised medical devices, instruments, implants, etc.), and finally in the military and aerospace
industry.

Thermal management and control of electronics devices, however, has become a challenge and a complex issue with the rapid
miniaturisation and large-scale integration of electronics. One of these challenges consists of efficiently removing the large amount
of heat generated by these microelectronic devices to ensure a long-life cycle.

Conventional cooling approaches (naturel convection, air cooling) are becoming less and less efficient and are no longer able to
remove the heat flow produced by electronic devices already exceeds 300 W/cm?. This, in turn, poses a real challenge for the
microelectronics industry, as the temperature of electronic devices must be kept below 85°C [1]. Therefore, new cooling techniques,
mechanisms and fluids with high heat transfer capacity need to be developed in order to improve the heat removal rate to maintain
their normal operating temperature.

Researchers have proposed a new innovative cooling techniques that improve the rate of heat transfer in microchannels and
to provide a minimum thermal resistance and pressure drop sufficient to satisfy cooling requirements [2]. In general, these
techniques can be classified into two groups: active and passive.

The active method uses external energy source, such as a microfine array to generate vibrations [3], a periodic electric field
technique [4], a flow pulsation technique [5]. The passive method, on the other hand, does not require external energy and entails
the use of surface roughness [6], flow disruption [7], channel curvature [8], obstruction, two-phase flow [9-11] and nanofluid [12]. It
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is generally accepted that passive methods are much more popular than active methods. One reason for this is their low cost, while
another is their simplicity of implementation.

We focused our attention here on the implementation of two-phase flow, precisely Taylor flow inside microchannel, as a
passive and alternative method for inducing mixing and increasing heat transfer rates with reasonable pressure drop.

Many previous studies have been conducted to fully understand this kind of two-phase flow, starting with hydrodynamics [13,
14], liquid film [15, 16], pressure drop [17, 18], and even in the field of heat transfer [19, 20]. However, few experimental studies have
been conducted on liquid-liquid two-phase flow associated to the heat transfer [11, 19-22].

Asthana et al. [21] conducted experiments on the liquid-liquid two-phase flow heat transfer in a six turn Serpentine
microchannel with a hydraulic diameter of 100 pum. The mineral oil plugs were dispersed in a water carrier phase causing boundary
layer interruptions and better mixing. The temperature distribution was obtained by the laser induced fluorescence (LIF) method,
while for the velocity field, micro-particle image velocimetry (Micro-PIV) was used. it was observed that the Nu number was much
more interesting (four times higher) for water-oil slug flow compared to pure water (single phase flow). However, this is associated
with an increase in pressure drop compared to single phase flow.

The heat transfer of a liquid-liquid Taylor flow in a 1.5 mm circular tube was investigated experimentally by Giolla Eain et al.
[11]. The experiments were conducted using a variety of carrier fluids, namely PdS, Dodecane, and AR20 silicone oils, with water
as the dispersed phase. The temperature of the heated wall was measured by high resolution infrared thermography. The
researchers confirmed the report previously published by Asthana et al. [21] and stated that heat transfer can be improved by as
much as 600% with two immiscible liquid phases. They also noted that the increase in the liquid film that separates the dispersed
phase from the wall will negatively impact heat transfer. The impact of the length of plugs and slugs was also evaluated on heat
transfer.

Dai et al. [22] studied the heat transfer characteristics of hexadecane plugs dispersed in water as a continuous phase in a vertical
tube of 2 mm diameter. A constant heat flux was chosen as the thermal boundary condition on the wall. The results show that the
experimental and numerical heat transfer coefficients are in good agreement. The researchers pointed out the strong dependence
of the Nusselt number on experimental uncertainties in flow parameters, such as inlet flow rates, inlet fluid temperature, etc. In
addition, they developed a heat transfer model involving heat transfer from the wall to a liquid film region and from the film
separately to the snail and droplet. This heat transfer model was able to correlate their numerical (liquid-liquid) and experimental
(gas-liquid) data with a relative standard deviation of 20%.

In order to improve the heat transfer performance, the Taylor liquid-liquid flow in a heated mini-curved tube is studied
experimentally by Adrugi et al. [20]. The tube has an internal diameter of 1.65 mm. In addition, different bending radii and lengths
are used in the experiments. The Taylor flow was created using water as the continuous phase and low viscosity silicone oils (0.65
cSt, 1 cSt and 3 cSt) as the dispersed phase. It was shown that the use of liquid-liquid Taylor flow in miniature-scale curved tubes
improves heat transfer rates compared to single-phase flow.

An experimental and numerical study was recently conducted by Abdollahi et al. [19, 23] on Taylor liquid-liquid flow submitted
to heat transfer in a rectangular microchannel with an hydraulic diameter of 2 mm. The researchers used Hexadecane, Kerosene
and water as working fluid. Numerically, the authors considered only a quarter of the microchannel to minimise the computational
cost. With a constant heat flux at the wall, good agreement was found between the experimental data and the numerical results.
At low capillary numbers, their results showed that the Nu number was almost independent of the two-phase velocity.
Furthermore, by increasing the slug length, Abdollahi et al. [19] reported a decrease in the friction factor as well as the Nu number.
Finally, an improvement in heat transfer performance of 700% was reported when using two-phase flow compared to single-phase
flow.

Some other researchers have numerically studied fluid flow and heat transfer in microchannels. Ubrant et al. [24] conducted a
2D axisymmetric numerical study of the heat transfer associated with a Taylor "water-oil" flow in a circular microchannel of 100
pum inner diameters. Based on the Volume of Fluid method (VOF), the interface of the two immiscible liquids was captured. They
reported that droplet-laden flows significantly enhance the rate of heat transfer compared to conventional heat transport in a
single-phase oil flow.

Another numerical study, in a two-dimensional and axisymmetric configuration, was carried out by Fischer et al. [25]. The
effect of liquid/liquid Taylor flow on heat transfer in a microchannel was analysed using Silicone oil, water and polyalphaolefin
“PAO” as working fluids. Taylor’s "liquid/liquid" heat transfer was found to be more effective compared to single phase flow.
However, the pressure drop in two-phase Taylor flow was higher than that in single phase flow. Furthermore, researchers reported
that droplets with high viscosities would improve heat transfer. Besides, they concluded that adding 3% of Al,Os nanoparticles to
the dispersed phase did not provide much additional heat transfer enhancement (3% to 5%).

In 2012, the effect of plug length and Peclet number was examined by Che et al. [26] in a numerical two-dimensional study
under a constant wall temperature boundary condition. According to the researchers, short plugs improved heat transfer in
microchannels compared to long plugs. Additionally, an increase in Nusselt number was observed with a higher fluctuation when
Peclet numbers were large.

Few years later, the same authors Che et al. [27] conducted a more in-depth study of heat transfer in microchannels. They
performed a three-dimensional numerical study in a rectangular microchannel by dispersing water droplets in a continuous phase
of mineral oil. The finite volume method was used for the flow field and heat transfer, while the level set method was used to
capture the interface. In addition, a moving reference frame was used to reduce the computational time. The researchers showed
that the three-dimensional structure of the flow significantly affected the heat transfer. They noted that liquids between the droplet
interface and the corner of the microchannel hinder the heat transfer process due to their parallel flow. In contrast, recirculation
within the droplets and in the region between successive droplets can induce significant heat transfer with a Nusselt number of
10 to 15 times greater. Effects such as droplet length, channel cross-section aspect ratio and Peclet number were investigated in
this study.

Alireza et al. [28] conducted a 3D-numerical simulation in a square channel with a hydraulic diameter of 100 pm to study flow
field and heat transfer liquid-liquid slug flow. A mineral oil and water were selected as working fluids and a constant wall
temperature boundary condition is used. In addition to the refinement of the basic mesh at the walls, a dynamic mesh adaptation
based on the gradient of volume fraction was employed in order to capture the liquid film surrounding the droplet. The authors
concluded that the liquid-liquid interfaces and the curvatures of the walls increase radial velocity which in turn increases
convective heat transfer. Furthermore, it has been observed that a wavy channel containing a slug flow provides the best
performance.

Using a 2D numerical simulations, Vivekanand et al. [29] explored the heat transfer and flow characteristics of a Taylor mineral
oil-water flow in a circular microchannel (D = 100 pm). Constant wall temperature of 373 K and constant heat flux of 420 kW/m?
were both prescribed over the wall of the microchannel. Compared to liquid single-phase flow, the researchers observed a
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significant increase in the Nusselt number, up to 180% in the case of a Dirichlet thermal condition and 210% for the Newman one.
As aresult, they suggested considering a constant heat flow at the wall rather than an isothermal wall.

Recently, a 2D numerical simulation is conducted by Chandrasekhar et al. [30] on the commercial software ANSYS Fluent, to
study Taylor liquid-liquid flow and heat transfer in plain and wavy circular microchannels. A microchannel with a diameter of
D=100 pm containing mineral oil droplets dispersed in a water carrier phase. An isothermal boundary condition is imposed at the
wall to study the heat transfer performance. With a wavy channel, the results show that the overall Nu number can increase by up
to 130% compared to a single-phase flow. Moreover, a slight increase of 6% in the Nusselt number as well as a slight increase in the
pressure drop were observed compared to two-phase flow in a straight microchannel.

A two-dimensional numerical study of the heat transfer enhancement caused by two-phase droplet flow in a cylindrical
microchannel of 100 pm diameter has been carried out by Li et al. [31]. Water and oil were used as working fluids. The authors
assumed water having the same properties as oil, except for its dynamic viscosity in order to eliminate any influence of the
thermophysical properties of the water droplets on the heat transfer.

So, the results showed that Nu number increases significantly when droplets are dispersed in a single-phase flow with a small
pressure drop. It was also found that heat transfer does not increase proportionally with increasing droplet size or flow rate. The
effect of wall slip velocity in the continuous phase on heat transfer enhancement was also analysed. Researchers defined the
boundary conditions for wall slip velocity using the Navier slip model as expressed below:

Twall = /Lf:
Twan» & Us, and Ls represent the shear stress exerted by the fluid on the wall, fluid viscosity, wall slip velocity, and wall slip velocity
length. By increasing Ls, the researchers observed a slight increase in the average Nu number in both single-phase and two-phase
flows. This is mainly due to enhanced heat transfer in the continuous phase. However, with the increase in Ls, a slight decrease
was noticed in the liquid film thickness and the average vorticity inside the droplet. This consequently weakens heat transfer in
two-phase flows.

The thermal characteristics of liquid-liquid Taylor flow were studied by Chandrasekhar et al. [32] using numerical simulations
in a 3D microchannel with uniform wall heat flux boundary conditions. Dodecane and water were considered respectively as
primary and secondary phase. Then the effects of five different thermal boundary cases were considered, as well as the aspect
ratio of microchannels to study the heat transfer characteristics. First, the results indicate that the pressure drop in the Taylor flow
does not change with the thermal boundary condition in contrast to the aspect ratio Ar. Chandrasekhar et al. [32] reported that for
Ar=1, the best thermal performance (Nu=9.85; Nu=10.41) was achieved when four walls or opposite walls were heated. However,
increasing the aspect ratio (Ar=2; Ar=5) significantly reduces the heat transfer rate for almost all thermal boundary conditions
studied.

In light of the numerical research available in the literature and reviewed here, most of these studies are two-dimensional and
a few have been performed in 3D. Furthermore, the majority of the working fluids used in these studies are often water and oil,
with constant thermophysical properties. While it is well-known that temperature can significantly affect thermophysical
properties, particularly viscosity, which can greatly affect heat transfer performance. Moreover, we noticed that the majority of
numerical studies in the literature were conducted in microchannels of 100 pm width (or hydraulic diameter), and only two were
conducted in microchannels of 1 and 2 mm. So, present study aims to investigate the heat transfer performance of novel working
fluids in a rectangular microchannel of 300x600 pm? cross-section. The effect of the temperature dependence of the working fluid
viscosity as well as the conjugate heat transfer and axial conduction on the heat transfer performance were investigated.

2. Methodology

A three-dimensional numerical study of liquid-liquid Taylor flow associated to heat transfer in a rectangular microchannel is
presented in this work. The simulations are performed under ANSYS Fluent CFD solver.

2.1. Governing equations

In this study, the Volume of Fluid method introduced by Hirt and Nichols [33] is used to capture the interface between the two
liquids. We chose this method as it is computationally efficient compared to other method available in ANSYS Fluent (Coupled
Level-set Volume of Fluid method CLVOF). In each control volume, the total volume fraction of all phases is equal to unity, and the
interface is localised whenever the volume fraction ¢ in a control volume is between 0 and 1(0 <¢ < 1).

The volume fraction equation with the assumption of zero mass transfer between the two phases is as follows:

% uv-()= 0 &)

To apply “single-fluid” formulation (where a common flow field is shared for both phases), fluid properties such as density p,
viscosity p, and thermal conductivity k are expressed as the volume fraction weighted average between the two fluids [34]:

&= pgbs + (1 = )0 2

where ¢ is the volume fraction and the indices d and ¢ denote the dispersed and continuous phase, respectively.

To capture the interface of liquid-liquid Taylor flow, the conservation equations, namely mass, momentum and energy
conservation, were solved simultaneously with the volume fraction advection equation (Eg. (1)). The conservation equations are
presented as follows [35, 32]:

Continuity:
Op
9P y. )
or V(e 3
Momentum:
d(pu
(a[; )+V-(puu):7Vp+V-[/1,(Vu+VuT)}+F (4)
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Thermal energy:

%+V-(Mph): V- (kVT) (5)
where e and h are the energy and enthalpy, respectively.

To calculate the effects of surface tension at the interface between the two liquids, the continuum surface force (CSF) model of
Brackbill et al. [36] is applied. This model includes surface tension forces, represented by the term (F) in the momentum equation
(Eg. (4)), as a body force acting at the liquid-liquid interface.

The body force term (F) in Eq. (4) can be written as [36]:

F=okén (6)

where x is the interface curvature and is defined in terms of the divergence of the normal interface (n):

n

K:V-n:vw )

with n is the normal vector as:

n=ve (8)

2.2. Working fluids

In this study, ethylene glycol and propylene glycol were used as the continuous phase whereas water was chosen to be the
dispersed phase. These cooling fluids are assumed to be Newtonian, incompressible and immiscible, and they were selected based
on different criteria such as flammability, non-toxicity, cost, and availability on the market. It is worth noting that propylene glycol
is less toxic than ethylene glycol. However, ethylene glycol has superior heat transfer properties due to its low viscosity compared
to propylene. In Table 1, we present the properties and characteristics of the coolants also available in the literature [37-39].

2.3. Geometrical model and boundary conditions

The geometry dimensions are the same as those used in our previous work [40] as well as the experimental work of Ma et al.
[16]. The schematic configuration and the channel geometry are shown in Fig. 1. It is a rectangular channel of W = 600 pm and
h =300 pm with a total channel length of L = 29 mm whose walls are considered to be made of aluminum.

As the fluid flow is symmetrical along the central plane of the microchannel, we considered just a quarter of the microchannel,
assuming two symmetries along the XY and XZ planes. This choice aims to reduce the computational time and extend the length
of the 3D microchannel a little further. The same double symmetry assumption has been used in several studies of Taylor flow in
microchannels [10, 23]. In a recent study on fluid flow and heat transfer of Taylor flow in microchannels, Abdollahi et al. [23]
simulated a quarter of a square microchannel and they successfully validated their numerical model against their experimental
data. Based on that, we can say that the symmetry assumption does not affect the accuracy of the results for Taylor flow studies
in mini and microchannels.

Table 1. Properties and characteristics of the coolants at 20 °C.

Thermal conductivity — Specific heat Density Viscosity

Coolant Boiling point at 1 atm (°C) Surface Tension (N/m)

(W/m.K) kJ/kg K (Kg/m?) (mPa.s)
Water (W) 100 0.613 4.18 1000 0.89
Ethylene glycol (EG) 198 0.26 2.84 1109 19.83 0.048
Propylene glycol (PG) 184 0.1962 2.479 1035.3 57.57 0.0716
Coolant
microchannels
A\ 600 um
(a) (b) FQ Alalloy [\ ‘—}’
\[E:!I:H:H‘_'_Hil 3o
Heat source
PCB 0\‘&‘

Two-phase
flow

Fig. 1. Schematic design of the 3D microchannel used in this study.
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Table 2. The input parameters for both methods.

Patching method T-junction method
Patch length Distance between Mixture velocity Continuous phase velocity ~ Dispersed phase velocity Flow rate
(m) patches (m) Uz (m/s) Uc (m/s) Ud (m/s) ratio q
EG/W 1.1x10° 1.445%103 0.037 0.0185 0.0185 1
PG/W 8.4x10* 1.36x10°3 0.037 0.0185 0.0185 1

In order to ensure hydrodynamic development of the plugs, a length of 14 mm (~35Dn) is chosen for the hydrodynamic
development region. In this part, the wall temperature was set equal to the temperature of the carrier phase (20 °C).

Four water patches were placed at the microchannel entrance region to create dispersed plugs in a carrier phase (propylene or
ethylene glycol). The patch length and the distance between them and other parameters are shown in Table 2. These parameters
were chosen so that we could ultimately obtain the same droplet and slug length generated by the T-junction method.

The water patches were placed 1 mm from the microchannel inlet. This distance, known as development length Lae, is essential
for inlet flow development (See Fig. 2). It is fixed according to the entrance length calculated using the correlation introduced by
Dombrowski et al. [41].

Afterwards, the plugs enter the heated section (37.5Dn) where the flow is subjected to constant heat flow rate of 30 kW/m?2. A
uniform velocity is maintained at the inlet, while a pressure outlet condition was set at the outlet. In order to prevent wettability
effects, a 180-degree contact angle was set. Moreover, a non-slip boundary condition was applied into the channel walls. Two
symmetry planes (on the XZ and XY planes) were applied to reduce the computational time cost (see Fig. 1c and Fig. 3).

2.4. Flow solver

ANSYS Fluent software which is based on the finite volume method was used to perform the simulations. An explicit geometric
reconstruction approach was adopted to solve the VOF equation and ensure the sharpness of the interface. In addition, the first-
order Implicit method was used to solve the transient terms of the flow equations. The QUICK method and the second-order
UPWIND method were used respectively to solve the momentum and energy equations. The QUICK scheme, based on a weighted
average of second-order upwind and central interpolations of the variable, provides more precise results for structured hexahedral
mesh [28]. The PISO scheme was selected for the pressure-velocity coupling. To reduce the spurious currents induced by the
discretization of the surface tension term [42], Green-Gauss node-based technique was used, in which the values are calculated as
the arithmetic mean of values at the nodal points on the face [43]. A fixed Current number, equal to 0.25, was used in this study.
This choice allows for a variable and sufficiently small time-step, which varies according to the control volume size, particularly,
in the near-wall region. The resulting time steps are in the order of 10s. The residual for continuity equation was set to 10* while
for the remaining variables, the residuals were kept as low as possible.

3. Results and Discussion
3.1. Mesh grid independency

The computational domain was generated and meshed using ICEM CFD. Here, we employ a non-uniform structured mesh with
mesh refinement in the near-wall region. Since we have used the continuum surface force (CSF) model to calculate the effects of
surface tension at the interface, it is imperative to use a structured mesh to reduce the discrepancies that may occur with the CSF
method [23]. We maintain an aspect ratio of 1 (cubic meshes in 3D simulation) to prevent the generation of spurious currents and
minimise uncertainties [42]. In the near-wall region, the size of the first layer along the Y and Z directions was kept constant with
values equal to 5 and 3 pm, respectively, and an aspect ratio equal to 1.2 (See Fig. 3). Gupta et al. [42] have indicated that a minimum
of five elements are required in the near-wall region to effectively capture the thin liquid film.

Four different mesh sizes, namely 25 pm, 17 pm, 12 pm and 7 pm, were chosen to study mesh independence. The refinement
near the wall (along the y-axis and the z-axis) was kept constant for the different mesh sizes. These mesh sizes were chosen based
on the computational time and the interface sharpness at the plug front and back.

A mixture velocity of Ure = 0.037 m/s and an initial patch length of 1.1 mm for the ethylene glycol/water combination were
chosen for the mesh independence study.

Figure 3 shows the mesh adopted in the XZ and YZ planes and in the near-wall region. As mentioned above, a cubic mesh was
used far from the microchannel walls to minimise spurious currents. It can be also noticed that the two symmetry planes along
the XY and XZ planes are included as mentioned above [42].

The comparison between these different meshes was performed in terms of the longitudinal velocity in the y and z direction
(Figs. 4 and 5) normalized by the mixture velocity U, as well as the pressure drop along the plug (See Fig. 6).

From Figs. 4. and 5, it can be seen that at the wall location, there is no significant variation among the four meshes. For the
finest meshes (7.12 and 17 pm), the curves almost merge.

y

L, ~1mm 1.445mm Ly = 1.1mm ‘ X

b WL . EEEL . L B

Fig. 2. The input parameters for the EG/W case using the patching method.
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Ar=12
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Fig. 3. The computational mesh of the 3D rectangular microchannel.
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Fig. 4. The longitudinal velocity normalized by Utp, along the y-direction.
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Fig. 5. The longitudinal velocity normalized by Utp, along the z-direction.
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Fig. 6. The pressure drop along the plug for different mesh size.

The same observations can be made in terms of pressure drop. As can be seen in Fig. 6, all three meshes (7 pm,12 pm and 17
pm) show almost the same pressure drop. Therefore, the simulations were carried out with a mesh size of 17 um to save
computational time, achieve a sharp interface, and achieve acceptable results.

3.2. Validation

The present study was validated by performing a comparison between the T-junction method previously validated by the
experimental results of Ma et al. [16] in our previous work [40], and the patching method used in this study. The droplet/slug length,
the liquid film in the corners and along the Y and Z directions, and the curvature radius of the droplet’s front and back (See Table
4) are presented.

The liquid film results were also compared to the experimental correlations presented in Table 3. It should be noted here that
the correlation performed by Ma et al. [16] and Yao et al. [44] was developed on a geometry that has the same dimensions as the
one used in this study. However, the correlation of Ma et al. [16] was performed for predicting the liquid film in the corners (8cr) of
liquid-liquid two-phase systems, in contrast to the correlation of Yao et al. [44] was performed for predicting the liquid film in the
near-wall region (8y) of two-phase gas-liquid systems (See Table 3). We further compared the results of the liquid film in the corners
with the experimental correlation developed by Kreutzer et al. [45] originally developed for gas-liquid systems in a square

microchannel.

Table 3. Experimental correlations of film thickness.

Correlation Operation conditions Reference
[
<= 0.15[1 - exp(78.221Ca§972)] Rectangular microchannel (0.00065 < Ca,, < 0.3) Yao et al. [44]
w
1) .
ﬁ =0.249 - 0.182 exp(713.9Ca°D‘9“ Re;f,’m) Rectangular microchannel (0.0003 < Ca,, < 0.15) Ma et al. [16]
[ .
i = 0.35 - 0.25exp(—2.25Ca,**) Square microchannel (Ca, < 3.0) Kreutzer et al. [45]

Table 4. A comparison between the T-junction and patching methods for the two chosen combinations.

Studied parameters

coml;liur:gtion Method Droplet/slug length Droplet shape Film thickness
LD/W LS/W Rfront/W Rtail/W 8y/W Scd/ W
T-junction 2.35 1.76 4.05x10"? 5.06x10* 0.015 0.1109
EG/W Patching 243 1.68 4.13x10? 5.09x10* 0.014 0.1112
Deviation (%) 34 4.5 1.9 0.6 6 0.3
T-junction 2.08 1.53 3.63x10* 4.8x10* 0.0433 0.134
PG/W Patching 2.07 1.48 3.7x10 4.79x10? 0.0408 0.136
Deviation (%) 0.5 3.2 1.9 0.2 5.7 1.5
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Table 5. Measurements of the dimensionless liquid film at the corner obtained by the patching method versus experimental correlations.

Scd/ W
Fluid combination - p : C./ p P
Patching method Ma et al. correlation  Deviation (%) Kreutzer et al. correlation  Deviation (%)
EG/W 0.111 0.116 4 0.118 6
PG/W 0.136 0.168 19 0.134 2

Table 6. Measurements of the dimensionless liquid film on the y-axis obtained by the patching method versus experimental correlations.

Sy/W
Fluid combination - »/ - —
Patching method  Yao et al. correlation  Deviation (%)
EG/W 0.014 0.022 36
PG/W 0.0408 0.0426 4

Table 4 shows the results obtained for the two fluid combinations by both methods. As can be seen, although the droplet
formation method differs between the two methods, the presenting results show good agreement indicating the reliability of the
patching method.

Two combinations of fluids (ethylene glycol/water “EG/W” and propylene glycol/water “PG/W”) were chosen for the validation, with
fluid properties and input parameters listed in Tables 1 and 2, respectively. The Cap number (based on droplet velocity Up) for the
EG/W and PG/W combinations is 0.037 and 0.0173, respectively, which falls into the domain of validity of the correlations
previously introduced (See Table 3).

Table 5 and 6 show the dimensionless liquid film results obtained by the patching method against the experimental correlations
introduced above (See Table 3).

For the liquid film in the corners &cr, the simulation results are in good accordance with the correlations introduced by Ma et
al. [16], and Kreutzer et al. [45]. For the EG/W combination, the relative error between the simulation results and the correlation of
Ma et al. [16] was 4%, while for the correlation of Kreutzer et al.[45], the relative error was 6%. On the other hand, for the PG/W
combination, the liquid film thickness (8c:) obtained by our simulations agrees well with the correlation of Kreutzer et al. [45] with
a relative error equal to 2%.

For the liquid film in the near-wall region (8y), the correlation of Yao et al. [44] overestimates the liquid film thickness for both
fluid combinations (see Table 6). However, the relative error between our simulation results and the correlation is only 4% for the
PG/W combination compared with 19% for the EG/W combination. The same observation was noted by Abdollahi et al. [19] and Ma
et al. [16], who reported that for a Cap < 0.03 (based on droplet velocity Up), the film thickness for liquid-liquid systems is always
less than the correlation prediction. They explained that the superior dispersed phase viscosity of liquids compared to gases results
in higher viscous shear at the plug interface in the film region, leading to a lower liquid film in liquid-liquid systems than in gas-
liquid systems. It is worth mentioning that the capillary number (Cap) for the EG/W combination is 0.0173, while for PG/W, the Cap
is 0.037.

Figure 7 compares the liquid film results (§y and 8c:) obtained by the patching method with the experimental correlations and
the numerical results of Said et al. [40].

For the liquid film in the corners (8cr), the simulation data from Said et al [40] and the results obtained by the patching method
(the hollow squares) agree well with the correlation of Kreutzer [45] for all viscosity ratios ), achieving an average relative error of
4%. However, for the Ma et al. [16] correlation, the numerical results deviate from the correlation at low viscosity ratios A, with a
mean relative error of 14%. Regarding the liquid film in the near-wall region, the simulation data shows the same trend and agrees
well with the correlation of Yao et al. [44] for low viscosity ratio A\, with an average relative error of 17%.
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Fig. 7. 8, and 8 versus experimental correlations and numerical results of Said et al. [40].
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3.3. Heat transfer

To evaluate the heat transfer rate, the Nu number represented in Eq. (9) is used [46]. As mentioned, earlier, uniform heat flux is
applied to the top and bottom walls of the microchannel (See Fig. 8):

quh
Nu=—"—""+—"— 9
kc (Tw - Tbulk,f) ( )

where qu is the wall heat flux, Dr is the hydraulic diameter, k. is the thermal conductivity of the continuous phase (EG or PG), Tw is
the inner wall temperature and Twuks is the bulk fluid temperature. It is worth noting that the bulk fluid temperature Tyurs is
instantaneously calculated as a mass-weighted average value at different locations (planes) along the axial direction. On the other
hand, the wall temperature Tw in the heated section is also calculated instantaneously as an area-weighted average value.

A constant flow rate of Q = 0.4 mL/min is chosen in this study for both fluid combinations (EG/W and PG/W), which corresponds
to a mixture velocity Urr of 0.037 m/s (See Table 2). Choosing this mixture velocity gives us the ability to produce the same
droplet/slug length in the case of a T-junction for a flow rate ratio Qd/Qc = 1. The water patches, marked at the microchannel's
entrance, gradually developed in the entrance region before entering the heated section. The droplet development process for the
ethylene glycol (EG)/water (W) case is shown in Fig. 9.

Once the droplets reach their final shape, it can be seen that they are separated from the microchannel walls by a thin liquid
film. It is worth mentioning that the droplets are more confined along the Z axis than the Y axis. It can also be seen that the front
curvature of the droplet is steeper than the back one. This is mainly due to the force exerted by fluid motion inside the droplets at
the front interface [28].

Three main parts were discussed in this work with a particular attention focused to the heated microchannel section. The water
droplets are considered hydrodynamically developed at the heated section entrance.

In the first part of this work, the viscosity of the working fluids is assumed to be constant. Furthermore, an effect analysis of
changing the heat flux effect on the heat transfer rate will be performed at the end of the section. In the second part, the viscosity
of the working fluids is considered temperature dependent while the remaining properties (density, thermal conductivity, ...) are
assumed to be constant. This is accomplished by implementing a user-defined function in the ANSYS Fluent software. The
temperature-dependent viscosity effects on heat transfer rate, liquid film, droplet length, and droplet shape will be discussed.
Finally, a third section will discuss the conjugate heat transfer effect on heat transfer rate.
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3.3.1. Constant working fluid properties

Tables 1 and 2 present the working fluids' thermophysical properties and input parameters employed in this research. Using
ethylene glycol (EG) or propylene glycol (PG) as a carrier fluid, water droplets were dispersed periodically to create a liquid-liquid
Taylor flow. As a result, recirculation zones appear in both the carrier fluid (continuous phase) and inside the droplets, which is
the main reason for heat transfer enhancement in the microchannels. Among the studies available in the literature [25, 21], liquid-
liquid Taylor flow has shown a remarkable increase in heat transfer rate over single-phase flow and gas-liquid Taylor flow.

Figure 10 shows the mid-droplet temperature contour for the EG/W combination. It can be seen that the bulk fluid temperature
increases as it approaches the microchannel outlet. Taking a single cross-section, we can see that the temperature at the
microchannel corners is higher than at the microchannel center (inside the droplets). This could be explained by the fact that the
flow rate at the corners of the microchannel is lower than the global flow rate. This allows the carrier fluid (ethylene glycol) to
absorb a higher amount of heat. Since ethylene glycol has a lower specific heat capacity than water, the latter becomes thermally
saturated far faster than water.

Figure 11 shows the instantaneous temperature of the wall, the bulk fluid, as well as the Nu number in an axial section
(LTh/Dh=17.5 from the entrance of the heated section) during water droplets passage. It can be seen from initial viewing that both the
wall temperature Twan and the bulk fluid temperature TwufWas continuously rising before the first water droplet passed through.
However, once water droplets pass through the selected cross-section, oscillating behaviour can be seen at both Twar and Thuks. This
is because the dispersion of water droplets within a carrier fluid induces mixing both in the continuous phase and within the water
droplets. This promotes a decrease in both Twarand Touk, .

For better understanding, we have plotted the instantaneous variation of wall temperature, bulk fluid, and Nu number for a
single unit cell (a water droplet and a slug) as depicted in Fig. 12.
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As the water droplet passes through the selected axial section, a temperature decrease is observed both at the wall and within
the flow (bulk fluid). This temperature reduction may be explained by the fact that hot fluid near the heated wall within the water
droplet is transported to the centerline of the microchannel, while fresh fluid is brought back to the near-wall region [47]. As a
result, the bulk fluid's temperature once again begins to increase as well as that of the heated wall. However, the increase in wall
temperature was relatively insignificant compared to the increase in bulk fluid temperature, resulting in the smallest temperature
difference AT between the heated wall and the bulk fluid temperature.

Using Eq. (9), the small temperature difference leads to the occurrence of Nu number peak as can be seen in Fig. 12. As the plug
region passes through the selected axial section, a further temperature drop of the bulk fluid is observed, while a small temperature
drop is observed at the heated wall. A possible reason for this is the fact that the presence of the EG/W interface causes a flow
disturbance that leads to the appearance of two counter-rotating vortices enhancing mixing inside the flow. Similar observations
were also reported in the literature, experimentally by Oliver and Young and analytically by Muzychka et al. [48] who noted that
such a flow pattern (dispersed bubbles within a continuous phase “Taylor flow”) induces both a change in velocity profile within the
slugs as well as a presence of recirculation zones.

Figure 13 shows the instantaneous Nu for the EG/W combination at different dimensionless axial sections (Lw/Dn) along the
microchannel. It is clear from Fig. 13. that the instantaneous Nu is independent of the axial section. For each axial position, we can
identify 8 peaks in the instantaneous Nu which indicates the existence of recirculation zones both in the continuous phase and
inside the droplets. The small peaks represent the ethylene glycol slug, while the large peaks correspond to water droplets. Thus,
it is clear that heat transfer is much more efficient through the water droplets due to the superior thermal properties of water
compared to ethylene glycol. Similar Nu number behaviour has previously been reported in Vivekanand et al.'s [29] and
Chandrasekhar et al.'s [32] numerical studies of liquid-liquid two-phase systems.

The instantaneous Nu number for the two considered combination of the fluids, namely EG/W combination and PG/W
combination is presented at four axial positions on Fig. 14.
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It should be noted here that the input parameters (Q = 0.4 mL/min) are the same for both combinations (see Table 2).

The dimensionless distance, of the considered sections, from the heated section entrance are: Law/Dn = 2.5, 10, 17.5, and 25. At
the first axial section (2.5), we can see that the EG/W combination passes faster than the PG/W combination. The time shift
occurring between the two combinations can be explained by the fact that the water droplets in the EG/W case move a smaller
distance, before reaching the first axial section, than in the PG/W case. However, as the water droplet velocity (Up) in the PG/W
case is higher than in the EG/W case, the time shift gradually decreases as we move downstream of the heated section (10...).

Water droplet length is one of the parameters affecting heat transfer rate. According to Abdollahi et al. [19], the heat transfer
rate increases with increasing water fraction volume for a constant unit cell length. EG/W and PG/W combination had
dimensionless unit cell lengths of Luc/Dn = 6.18 and Luc/Dn = 5.33, respectively. However, water droplets occupied 59% and 58% of
the unit cell length for the EG/W and PG/W combinations, respectively. Hence, the effect of water droplet length on heat transfer
rate is almost the same in both cases. Furthermore, the slug length for EG/W and PG/W was Ls/Dn = 2.53 and 2.33, respectively. This
corresponds respectively to 41% and 42% of the unit cell length. Using a constant unit cell length and water as the disperse phase,
Abdollahi et al. [19] stated that the smaller the slug length, the higher the recirculation zones will be with a significant radial
velocity. Moreover, they indicated that an optimum slug length of Ls/Dn =5 provides an optimal heat transfer rate with a low friction
coefficient.

For the present study, the slug lengths are almost the same for both combinations. This results in a reasonable heat transfer
rate, reflected by the small peaks observed in the instantaneous Nu number. However, the Nu peaks for EG/W seem higher than
those for PG/W. One possible explanation is that EG’s heat capacity is superior PG’s.

Another parameter capable of affecting the heat transfer rate is the liquid film thickness. As measured along the z-axis, the
liquid film between the water droplet and the heated wall is 1.4% (4.2 pm) and 2.3% (7 pm) of the microchannel depth h in the EG/W
and PG/W cases, respectively. Due to the low flow rate through the liquid film region and the no-slip conditions at the wall as well
as at the interface between the two phases, heat transfer within the liquid film is often done by conduction rather than by
convection [19]. However, the low thermal conductivity of liquids (0.26 and 0.19 W/m-K for EG and PG, respectively), causes the
liquid film of the continuous phase to act as an insulator preventing the water droplet from properly transporting heat from the
heated wall to the fluid [11]. Furthermore, for the PG/W case, the water droplet is less confined along the y-axis, resulting in a
thicker liquid film both at the corners (82 pm) and along the y-axis (4.1% of the channel width W). Indeed, this increase in the liquid
film thickness will, on one side, induce an increase in the flow rate through the film region and, on the other side, decrease the
intensity and volume of the recirculation zone as well as the radial mixing. In previous numerical investigations in gas-liquid
systems, Abadie et al. [49] have shown that the transport process (heat or mass) could be hindered by a decrease in the recirculation
volume caused by an increase in the Ca number (increase in the liquid film).

A similar observation was made by Zhang et al. [10]. Talimi et al. [50], in their numerical analysis of the effect of liquid film
thickness on heat transfer for a Taylor gas-liquid flow, revealed that the flow bypasses through the liquid film area is the main
reason for the reduction in heat transfer rate as it contributes to the shrinking of the recirculation zone in the continuous phase.
However, the heat transfer rate in both cases is still higher than the single-phase flow of ethylene and propylene glycol. This shows
the importance of the recirculation zones within the two phases.

Figure 15 gives the local Nu number variation as well as the temperature difference between the wall and the bulk fluid for both
EG/W and PG/W cases. The local Nu was calculated by averaging the wall and bulk fluid temperatures for each axial section during
the passage of the water droplets (see Fig. 8). Figure 15 shows that the temperature difference (Twan-Touf) in the EG/W case is smaller
than in the PG/W case. This results in a better heat transfer rate for the EG/W combination. The temperature difference AT, for
EG/W, is about 5.5 K, whereas, for PG/W, the temperature difference is 2.5 K higher than EG/W at a temperature difference of about
8 K. As a result, the local Nu number is larger in the EG/W case than in the PG/W case, with an average value of around 8.5 (Nuecw
= 8.5). As compared to single-phase flow, liquid-liquid Taylor flow for both EG/W and PG/W cases exhibits a much higher heat
transfer rate. The average local Nu number increases by more than 440% in the EG/W case relative to the single-phase flow of
ethylene glycol (Nusprc = 1.94) with same inlet flow rate. Likewise, the PG/W case showed an improvement of over 370% (Nurgw
=7.6) compared to a single-phase propylene glycol flow (Nuseec = 2.03) with the same inlet flow rate.
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Fig. 15. Local Nu number and temperature difference (Twan-Touxs) for EG/W and PG/W.

Several studies in the literature [11, 19, 21, 22] confirm the improvement provided by Taylor liquid-liquid flow regarding heat
evacuation in microchannel heat sinks. However, the enhancement rate varies between studies and depends on several factors,
such as channel geometry, working fluids, thermal boundary condition, and inlet parameters (flow rate of both phases).

In the experimental and numerical heat transfer study of Taylor flow in a square microchannel [19], the authors reported a heat
transfer improvement of up to 700% over single-phase flow. Asthana et al. [21] achieved, In their experiment, a heat transfer rate
four times superior to that of a single-phase flow in a square serpentine microchannel. In a 3D numerical study on a rectangular
microchannel with different aspect ratios, Chandrasekhar et al. [32], reported an improvement in heat transfer of 222% relative to
a single-phase flow in situations where the microchannel's opposite walls were used as a thermal boundary condition.

3.3.2. Temperature dependence of working fluid viscosity

Understanding the dependence of liquid viscosity on temperature is an important factor in many engineering applications. In

this section, the working fluids, namely ethylene, propylene glycol and water are temperature dependent using a UDF implemented
in ANSYS Fluent. The correlations employed are available in the literature [51, 52] and are thus listed in Table 6. All other
parameters (inlet flow rate, length of patches...) are the same as those used in the first section as well as in the validation.
As discussed earlier, the water droplet length Lp, the slug length Ls of the continuous phase (distance between the two droplets),
and the liquid film thickness (8cr, 8y, §z), are the main parameters that affect the heat transfer rate. For this reason, we were
interested in closely examining the effect of temperature-dependent viscosity variation of the working fluids on the behavior of
liquid-liquid Taylor flow (Lp, Ls...) and on the heat transfer rate represented by the Nu number. The same combinations were chosen
as in the first section, i.e., EG/W and PG/W.
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Table 6. Typical working fluid viscosity correlations depending on T.

Working fluid Correlation Reference
1227
Water 4, =(1435.10%) T (48]
@
Ethylene glycol fye = (16-107)e T [48]

1057.801

= with T, = 165K

Propylene glycol [49]

[ty = 0.015238e

Figure 16 shows the variation of Lo and Ls along the microchannel as the viscosity of both liquids (EG and W) varies with
temperature.

Before reaching the heated section, the water droplet length and slug length remain unchanged and are identical to Lo and Ls
in the case of constant fluid properties. However, as the droplets cross the heated section, Lo and Ls decrease progressively at
almost the same level and degree of decay. A decrease of 6.2% was seen in the water droplet length close to the microchannel
outlet, whereas a decrease of 9% was noted in the slugs. This decrease observed in Lo and Ls will somehow impact the heat transfer
performance. To visualize this, the instantaneous Nu number for the EG/W combination with and without temperature-dependent
viscosity was plotted (see Fig. 17).

As can be observed, at the entrance to the heated section, the instantaneous Nu number trend is the same in both cases. This
is due to slight variations in the liquid film thickness as well as Lo and Ls. However, as one moves toward the outlet of the
microchannel, the Nu peak in the T-dependent viscosity case starts to gradually increase, with the Nu curve shifting to the right.
The increase in the Nu peak may be explained by the decrease in Lp, Ls, and the liquid film while moving toward the microchannel
outlet. Furthermore, the shift in the Nu curve results from the increase in the droplets' velocity caused by the decrease in the
viscosity of both phases.
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It is worth mentioning that because of viscosity decrease with T, the liquid film thickness becomes extremely small near the
microchannel outlet (see Fig. 18), especially at the water droplets rear. This prevents us from capturing it even with mesh
refinement close to the walls.

Therefore, we were unable to analyze the effect of viscosity dependence, especially the effect of the liquid film thickness
variation on heat transfer rate. To achieve this, we performed the same investigation with propylene glycol as the continuous
phase and water as the dispersed phase (PG/W), with viscosities that are T dependent.

Figure 19 shows the variation of dimensionless Lo and Ls along the microchannel. As mentioned earlier, the droplet and slug
lengths remain unchanged before entering the heated section. However, once the droplets arrived in the heated section, a
significant reduction in droplet and slug lengths was observed.

Compared to the EG/W case, the degree of decrease here (PG/W) was larger with a percentage, near the microchannel outlet, of
13.31% and 22.7% for Lb and Ls respectively. This significant diminution in the slug length compared to the droplet length is due to
the temperature effect on the working fluids' viscosity. Particularly its effect on the continuous phase viscosity pc (propylene glycol)
which was found to have more impact on Lp and Ls than that of the dispersed phase 14 (water).

To closely examine the behavior of the water droplet in the heated section, we presented in Fig. 20 the volume fraction contours
showing the droplet interface deformation at different axial positions along the heated section.

At the entry of the heated section, the water droplet maintains its shape due to small variations in pc and pd. As we move
through the heated section, a variation in the liquid film thickness (8y, 8z, 8cr) as well as in the droplet length Lo is observed. This
leads to droplet shrinking on the x-axis along with confinement on the y-axis. The reduction in liquid film thickness is attributed
to the substantial decrease in the continuous phase viscosity compared to that of the dispersed phase. Consequently, a progressive
reduction in the viscous shear exerted by the continuous phase on the droplet interface was observed, resulting in a diminution of
the liquid film thickness.

Figure 21 shows the effect of the temperature dependence of jic and pd on the liquid film thickness along the y and z axes. It is
clear from Fig. 21 that the liquid film thickness in both directions (8y and 8z) decreases progressively as the plug moves through
the heated section. However, the decrease in film thickness in the y-direction (§y) was more pronounced than in the z-direction
(6z), leading to the confinement of the droplet along both axes.

Based on the previous discussion, the variation of the liquid film thickness as well as Lo and Ls will certainly have an impact on
the heat transfer rate for Taylor liquid-liquid flow.

For the PG/W case, where pic and pd are temperature-dependent, Fig. 22 illustrates the instantaneous Nu number at four axial
sections along the heated section. The behavior of the instantaneous Nu between the two cases (pd, jic with and without temperature
dependency) remains the same regardless of the chosen axial position. However, the magnitude of the instantaneous Nu for T-
dependent viscosities is higher, with a ANu that increases moving toward the microchannel outlet. This increase in instantaneous
Nu is the result of both variations in droplet and slug length (Lp, Ls), but more specifically the variation observed in the liquid film
thickness. Variation in the liquid film thickness in the y-, z-direction (8y, 8z) as well as in the corners (8cr) leads to droplet
confinement in both directions.

35+
Heated section
[}
s Y pgf g g & 5 g 8 g @n
3.0 !
| H
] " =
] 1 A
0 L, for afixed “'f and p, L
Q; 25 m] Lb or .. and Ky changing with
= I
— ]
. b-oO o
O [ | DE] O [m} [m} [} m}
|
20 b
[ Oo
I Qoo -
1-® L forafixed u and o
® L forpu, and u, changing with T
15 ; . : ; : ; ; .
10 20 30 40 50 60 70 80

Axial position/D,,

Fig. 19. Lp et Ls variation along the microchannel for PG/W case.

Fig. 20. Deformation of PG/W interface along the microchannel.
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As aresult, less fluid is bypassing through the liquid film region, which increases the recirculation zone volume (decreasing the
recirculation time) where most of the continuous phase fluid is circulating within the slug (increasing the radial mixing). Similar
observations have been reported earlier in literature for gas-liquid Taylor flow [50, 49, 10].

A comparison of local Nu number and (Twan-Touf) for PG/W with and without viscosity temperature dependence is presented in
Fig. 23. The local Nu was calculated by averaging the wall and bulk fluid temperatures for each axial section during the passage of
the water droplets. At the entrance to the heated section, the temperature difference (Twan-Touxf) is comparable to that of PG/W
where the fluid properties are constant. However, as we gradually proceed through the heated section, the gap in (Twan-Touk,) starts
to increase as a consequence of the aforementioned variations in the liquid film thickness as well as in Lp and Ls. This reduction
in the temperature difference between the wall and the bulk fluid induces effective heat transfer, indicated by the local Nu number.
This latter was shown to gradually increase as we move toward the microchannel outlet, with an average value of around 9.1. An
increase of about 20.4% in the average local Nu number was noticed when fluid properties, particularly viscosity, are temperature
dependent, compared to constant fluid properties.

3.3.3. Conjugate heat transfer

In the previous sections, we assumed that the microchannel walls had no thickness. However, experimentally, microchannel
walls are often made of a thermally conductive material whose layer thickness could be even thicker than the height or width of
the microchannel. In this section, the effect of adding a wall thickness of 50 pm “which is 1/6 the height of the microchannel”, assumed
to be made of aluminum, on heat transfer performance was investigated (see Fig. 24). Propylene glycol and water combination
(PG/W) is used here under the same parameters as in the previous sections.
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Fig. 24. schematic diagram of the microchannel cross-section with the corresponding parameters.

3.8+
36 -
34
32
] [
% 3.0 (I S S I e ¢ o ¢ o ¢
= 4 L |
H
'S 28 . .
e i =
26 D, = 0|4 mm I
24 - - . ™
| = | Heat transtr with conjugate effects (M=0.0355)
29 ® | Heat transfer without conjugate effects
2.0 } . . | | T .
30 35 40 45 50 55

L,/D,
Fig. 25. AT=Tua- True With and without conjugate heat transfer effects.

A\V,‘ Journal of Applied and Computational Mechanics, Vol. 10, No. 1, (2024), 183-204



200 MOHAMMED SAID et al., Vol. 10, No. 1, 2024

For micro and mini-scale geometries, conjugate heat transfer effects could have a significant impact. To quantify the axial
conduction effect, Maranzana et al. [53] developed a criterion based on single-phase flow in a rectangular mini channel. It was

determined that axial conduction in the mini/microchannel wall becomes significant with a high axial conduction number M
M>0.01:
h

where Re, Pr, L, Dn, 8w, h, kw, ks Are respectively the Reynolds and Prandtl number, the length of the heated section, the hydraulic
diameter, the thickness of the solid wall (50 pm), the height of the microchannel (fluid domain), the thermal conductivity of the solid
(aluminium), and the thermal conductivity of the fluid (Propylene glycol).

We calculated the axial conduction number in our study, and the value of M was higher than 0.01 (M = 0.0355), which proves
the presence of axial conduction effects at the solid wall. to validate this, a numerical simulation of a single-phase flow of propylene
glycol with and without conjugate transfer effects was conducted (see Fig. 25).

Figure 25 shows the temperature difference between the wall and the fluid (Twan-Taud) with and without conjugate heat transfer
effects. The wall temperature Twan at each axial section was calculated by averaging the wall temperature along a line along the
heated wall (or at the solid/liquid interface in case conjugate transfer effects are introduced). A similar procedure was used to
calculate the fluid temperature near the heated wall. Without assuming conjugate heat transfer effects, Twan and Taud increase
linearly in the thermally developed zone. That's why the temperature difference between the wall and the fluid (Twan-Tsuid) remains
constant throughout the microchannel (see Fig. 25).

However, when the conjugate effects are considered with a high axial conduction number (M = 0.0355), a remarkable change
occurs in the wall and fluid temperature behaviour. Wall and fluid temperature behaviour within the thermal development zone
shows non-linear behaviour. This results in a temperature difference (Twan-Tauad) that changes along the heated section (Fig. 24).
The main reason is local heat flux variation at the liquid-solid interface (Fig. 26) caused by axial conduction effects on the solid
substrate [53]. The constant heat flux condition applied to the outer surface of the microchannel wall is believed to be deformed
due to the high value of M.

Figure 26 shows the heat flux ratio between that at the liquid-solid interface and that applied to the outer wall along the heated
section. As can be seen, a non-uniformity of heat flux, particularly near the inlet and outlet of the heated section, is apparent at
the liquid-solid interface. Mehta et al. [54], investigated numerically the effect of axial conduction in a square microchannel using
single-phase flow. It was found that axial conduction (expressed as an axial conduction number M > 0.01) could strongly influence
the heat flux ratio at the liquid-solid interface, the wall temperature, and the fluid temperature.

In the liquid-liquid Taylor flow case, and for the PG/W combination, the heat transfer performance will certainly be affected by
the effects of axial conduction within the microchannel substrate. As discussed earlier, heat transfer from the inner wall to the
liquid film is mainly done by conduction due to the low flow rate through this region [19]. As a result, the film temperature is often
the same as the microchannel inner wall temperature.

Figure 27 shows the instantaneous wall and bulk fluid temperatures for several dimensionless axial sections along the heated
section. In each dimensionless axial section, and as previously mentioned, oscillations occur in the instantaneous bulk fluid and
wall temperature caused by the passage of water droplets. However, the oscillation amplitude in the instantaneous wall
temperature decreases progressively towards the microchannel outlet. This finding differs from what was previously observed in
Section 1. One possible reason is the non-uniform heat flux at the liquid-solid interface, which can significantly affect the wall
temperature.

The instantaneous Nu for different dimensionless axial sections along the heated section is shown in Fig. 28. The instantaneous
Nu behaviour as water droplets pass through the various axial sections is the same as observed previously. However, the Nu number
magnitude increases as one progresses through the heated section. This increase in heat transfer rate could be explained by the
low AT between the wall and the bulk fluid downstream compared to upstream of the heated section. This difference in AT is mainly
due to the variation in local heat flux at the liquid-solid interface (see Fig. 26).

It is necessary to do more research in the conjugate heat transfer and axial conduction domain, as these factors significantly
influence the heat transfer performance of two-phase Taylor flows in mini and microchannels.
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4. Conclusion

A 3D numerical study investigating the heat transfer performance of liquid-liquid Taylor flow in a rectangular microchannel
was performed using the commercial software ANSYS Fluent. A Volume of Fluid (VOF) method was applied to capture and track
the interface between the two phases. The mesh size was refined near the microchannel walls to enable capturing the liquid film
between the dispersed phase and the walls with an acceptable computational time. To evaluate Taylor flow effect on heat transfer
performance, two fluids combinations were used in which water droplets are dispersed in a carrier phase of either ethylene or
propylene glycol, with initially constant thermo-physical properties. Then, we considered the viscosity of the working fluids to be
temperature dependent to examine its effect on droplet behaviour and heat transfer rate. The conjugate transfer and axial
conduction effect were also studied with a 50 pm aluminium wall thickness. The results showed that the liquid film in the corners
(8cr) or along the y- or z-axis (8z, 8y) significantly affects the recirculation volume and radial mixing, thus directly influencing the
heat transfer rate. It has been shown that instantaneous viscosity changes in the continuous and dispersed phase result in a change
in droplet and slug topology (a decrease in Lo and Ls, a change in droplet shape) along with a reduction in liquid film thickness (8y,
8z, 8cr), thus affecting the heat transfer rate. The axial conduction phenomenon in the solid substrate was also studied. It has been
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noticed that the local heat flux at the liquid-solid interface could be affected by the axial conduction, consequently changing the
heat transfer performance. Finally, this study could help to fully understand the effects of instantaneous changes in working fluid
viscosity on heat transfer performance. It may also assist in understanding the conjugate transfer when designing an experimental
facility with a micro or mini-scale geometry.
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Nomenclature
"% Microchannel width [m] 5 Film thickness
L Length [m] c Continuous phase
h Microchannel height [m] d Dispersed phase
Dn Hydraulic diameter [m] ucC Unit cell
A Cross-section area [m?] TP Two-phase
[§) Velocity [m/s] D Droplet/plug
T Temperature [K] Cr Corner
q Heat flux [kW/m?] PCB  Printed Circuit Board
Q Flow rate [m%/s]
Q Flow rate ratio
Carr  Capillary number of two-phase flow, Carpr = pcUtr/o
Cac Capillary number of the continuous phase, Cac = pcUc/o
Cap Capillary number based on plug velocity, Cap = pcUp/o
Nu Nusselt Number
M Axial conduction number
A Viscosity ratio, A = pd/pc
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